Introduction
Dehydroepiandrosterone (DHEA) and its sulphated derivative DHEAS are the most abundant circulating steroids, and are derived from the zona reticularis of the adrenal cortex. The foetal adrenals synthesise signi®-cant quantities of DHEA, but production of this steroid falls postnatally. The onset of adrenarche (between the ages of 6 and 8 years) is characterised by increasing biosynthesis of DHEA, and circulating DHEA(S) levels reach a peak in the third decade of life (1) . Thereafter, there is an inexorable decline in DHEA production, such that, by the age of 80 years, subjects show DHEA levels that are only 10±20% of those in young adults (2) ; circulating cortisol levels, however, remain relatively unchanged.
The physiological role of DHEA is not completely understood. DHEA is a substrate for androstenedione and testosterone synthesis, and adrenarche is accompanied by pubic and axillary hair development, suggesting that one of the actions of DHEA is as an adrenal androgen. However, there is evidence to suggest that it may also exert effects in the central nervous system. It is an antagonist at the gamma amino butyric acid receptor and an agonist at the NMDA receptor (3) . It also opposes the action of glucocorticoids, antagonising glucocorticoid-induced thymic involution or corticosterone neurotoxicity in the hippocampus (4, 5) . However, to date, a speci®c receptor which mediates the action of DHEA has not been identi®ed ± and it remains to be determined as to whether it acts at the cell surface or intracellularly.
Unfortunately, studies of DHEA administration in non-primate species are of limited value for two reasons: ®rst, there is no rise in DHEAS levels with adrenarche; secondly, there is no age-related decline in circulating levels of this steroid. Here, we review clinical studies of DHEA treatment in humans in two contexts: (i) as a supplement for normal elderly subjects, to reverse the age-related decline in circulating DHEA levels; and (ii) replacement in patients with adrenal insuf®ciency and who have a near-absolute de®ciency of this steroid.
DHEA replacement in ageing
As a consequence of either diminished adrenal 17a-hydroxylase enzyme activity or involution of the zona reticularis, a number of studies have documented an age-related decline in DHEAS levels. In both sexes, there is a reduction of about 2% per year (6) , but the absolute levels are lower in women than in men in the 50 to 89-year age range (7). Furthermore, cross-sectional studies have documented an association between the decline in DHEAS levels and various adverse effects of ageing. Barrett-Connor et al. (8) showed an inverse relationship between DHEAS levels and cardiovascular disease and mortality in elderly men, but this relationship was not observed in women (9). Low DHEAS levels have been correlated with heightened risk of breast cancer in premenopausal women (10) . There is a positive correlation between reduced serum DHEAS levels and lower bone mineral density in the spine, hip and radius in women aged 45±69 years (11) , but no such effect is noted in men (12) . In the central nervous system, lower DHEAS levels are associated with depressed mood in older women but not men (13) , and a higher cortisol/ DHEA ratio correlates with cognitive decline in both sexes (14) . There are con¯icting reports of lower DHEAS levels in Alzheimer's disease (15, 16) . DHEAS levels are lower in men with type 2 diabetes mellitus (17) , and insulin-sensitising drug therapy enhances DHEAS levels, suggesting an inverse correlation with insulin resistance. However, a major concern in relation to such epidemiological data is that falling DHEAS levels may simply be a marker of the ageing process, tracking the morbidities associated with it, rather than being causally related. Accordingly, a number of workers have sought to show changes in biochemical, metabolic and neuropsychological parameters following DHEA supplementation in elderly subjects.
Pharmacokinetic studies have established an appropriate dose range for DHEA replacement in ageing. Arlt et al. (18) showed that 50 mg oral DHEA in men aged 49±70 years restored circulating DHEAS to youngadult levels, whereas a 100 mg daily dose was supraphysiological. More recently, administration of 25 or 50 mg DHEA in elderly men and women achieved steady-state physiological levels in 8 days (19) . Interestingly, the half-life of circulating DHEA was more than 20 h, rather like its longer-lived sulphated metabolite, suggesting that there may be signi®cant back-conversion of DHEAS in vivo. Circulating testosterone and oestrogens also rose following DHEA supplementation, albeit to levels within the youngadult range.
A randomised, double-blind, placebo-controlled trial examined the effect of 50 mg DHEA treatment for 6 months in 13 men and 17 women aged 40±70 years (20) . In addition to the restoration of young-adult DHEA(S) levels, there was a marked increase in physical and psychological well-being in both sexes (67% of men and 81% of women), but no change in libido. This effect was associated only with increased insulin-like growth factor-I and reduced insulin-like growth factor-binding protein-1 levels, but there were no changes in circulating sex hormone binding globulin (SHBG), oestrogens or lipids. Extending these observations, the same group have studied 100 mg of DHEA replacement for 6 months in elderly subjects (9 men and 10 women; 50±65 years) (21); they showed restoration of circulating DHEAS and the cortisol/ DHEAS ratio to young-adult levels. There was a decrease in fat mass and an enhancement of muscle strength in men but not in women. Circulating androgens (androstenedione, testosterone, dihydrotestosterone) rose above young-adult levels in women but not in men, suggesting that there are gender-speci®c differences in the response to DHEA administration. However, another study involving the administration of 100 mg DHEA for 3 months in elderly men showed no effect on body composition, serum prostate-speci®c antigen or urological function (22) .
Most recently, Baulieu et al. have published the results of a randomised, placebo-controlled study of 50 mg DHEA replacement for 12 months in 280 men and women aged 60±79 years (23) . Whilst youngadult DHEAS levels were restored in both sexes, gender differences were again observed for other parameters. Serum testosterone and androstandiol glucuronide rose to slightly supraphysiologic levels at 6 months in 21% of women but not in men. Bone mineral density improved at the femoral neck (in the 60±69-year group) and radius (in the 70±79-year group), and there was a fall (selectively in women) in the levels of serum collagen telopeptide. Likewise, only women reported an increase in libido and sexual function and satisfaction. The following skin changes were seen in both sexes: increased skin hydration, diminished facial pigmentation and epidermal atrophy; enhanced sebum production (particularly in women more than 70 years of age). There were no changes in vascular function, as assessed by ultrasonographic methods.
Following the menopause, testosterone and androstenedione levels fall by 50%, and the decline in DHEAS with ageing leads to a further fall in circulating androgens. This knowledge has prompted treatment of postmenopausal women with DHEA as a form of androgen replacement. Labrie et al. have successfully treated 14 women aged 60±70 years for 12 months with 10% DHEA cream applied topically; serum DHEA levels rose 10-fold (24) . In conjunction with this, these workers observed increased sebum production and an oestrogenic effect on vaginal epithelium (increasing its maturation index). Bone mineral density at the hip was enhanced, there being increased osteoblastic (osteocalcin) and reduced osteoclastic (bone alkaline phosphatase, urinary hydroxyproline) marker activity. Other changes included a 10% reduction in skin-fold thickness, lower blood glucose and insulin levels, without any adverse effects on the lipid pro®le (25) . Subjects also reported improved well-being. In contrast, 50 mg DHEA administered orally in 60 perimenopausal women (45±55 years) had a lesser effect (26) : despite a twofold rise in DHEAS levels, there was no effect on mood, cognition, quality of life, or libido.
DHEA replacement in adrenal insuf®ciency
Circulating DHEAS levels in adrenal failure are very low or undetectable relative to those present in the context of ageing. Such de®ciency is observed in secondary as well as primary adrenal insuf®ciency (Addison's disease), implying that production of this adrenal steroid (like the glucocorticoid production) is pituitary-dependent. Whilst glucocorticoid and mineralocorticoid de®ciencies in adrenal insuf®ciency are lifethreatening and require oral replacement, the associated failure of DHEA synthesis is not usually corrected. On the other hand, despite optimal therapy with conventional steroids, patients with Addison's disease report persistent fatigue and reduced well-being (27, 28) . These observations have prompted recent trials of DHEA replacement.
In 10 patients with hypopituitarism, Young et al. (29) showed that 50 mg DHEA replacement restored DHEAS, androstenedione and testosterone to youngadult levels, whereas a 200 mg daily dose was supraphysiologic. Arlt et al. (30) examined DHEA replacement in young volunteers whose endogenous adrenal steroidogenesis had been suppressed with dexamethasone; again, a 50 mg daily dose was found to be appropriate, whereas 100 mg induced supraphysiologic concentrations of DHEAS.
A randomised, double-blind, placebo-controlled trial of 50 mg DHEA replacement was conducted with 24 women with adrenal (14 primary, 10 secondary) insuf®ciency (31) . Physiological levels of DHEA(S) and androstenedione were restored, and serum testosterone levels rose from below to within the low normal range. Following 4 months of therapy, the subjects showed a signi®cant reduction in scores for depression and anxiety (as assessed by psychological testing), together with improvements in overall well-being and mood. The patients also reported markedly increased sexual thoughts/interest, together with enhanced mental and physical sexual satisfaction. Serum testosterone rose from below to within the low normal range, showing a fall in SHBG, and 19 subjects developed some cutaneous androgenic side-effects. A later study of DHEA replacement in nine women with Addison's disease also reported increased apocrine sweat secretion and acne, there being no differences between the daily dosages of 50 mg and 200 mg (32) .
We undertook a randomised, placebo-controlled trial in both men n 15 and women n 24 with Addison's disease (33) . Following 3 months of treatment with 50 mg DHEA, a similar restoration of DHEAS and androstenedione levels was observed in both sexes; there was a rise in serum testosterone and a fall in SHBG in women but not in men. There was a tendency for improved overall well-being scores in the General Health Questionnaire, and signi®cant improvement in self-esteem. Mood and fatigue also improved signi®cantly, the bene®ts being evident in the evenings. We found no effects on cognitive or sexual function. No changes in body composition or bone density were seen, albeit after relatively short-term hormone replacement. In view of the bene®cial psychological effects in males, independent of changes in circulating testosterone, we concluded that DHEA might act directly on the central nervous system rather than via enhanced peripheral androgen biosynthesis. No signi®cant adverse effects were seen in our patients.
Conclusions
On the basis of current evidence, it is clear that DHEA supplementation in ageing subjects is biochemically effective at restoring young-adult levels of DHEAS and normalising the circulating cortisol/DHEA ratio. Even though it may raise circulating androgens to slightly supraphysiologic levels in women, this does not appear to be associated with signi®cant adverse cutaneous (hirsutism, acne) or metabolic (lipid-pro®le) effects. Interestingly, some of its bene®cial effects, for example on bone mineral density and sexual function, are gender-speci®c or more evident in women, which suggests that the agent may be acting as a precursor for androgen or oestrogen biosynthesis. In future studies of postmenopausal women, it would be of interest to compare the ef®cacy of testosterone replacement directly with DHEA treatment. In both sexes, signi®cant psychological bene®ts and enhanced wellbeing have been documented. Whilst these observations may justify short-term treatment, longer-term studies are now required to determine whether, as epidemiological studies suggest, cardiovascular morbidity and mortality, cognitive decline or cancer risk can be in¯uenced by DHEA replacement.
Short-term replacement studies suggest that there are clear-cut bene®cial effects of DHEA replacement on well-being, mood and sexual function in adrenal insuf®ciency. Longer-term controlled studies are now needed to examine whether such improvements are sustained. As the psychological bene®ts have been documented for both sexes, it is important to continue evaluating the effect of DHEA in men as well as in women. Future, larger studies may be able to determine whether certain effects (e.g. on sexual function) are maximal in subgroups (e.g. postmenopausal women) or if they are in¯uenced by concurrent, conventional hormone-replacement therapy. An advantage of studying DHEA replacement in primary rather than secondary insuf®ciency is that it avoids any confounding effects of other pituitary (e.g. growth hormone) de®ciencies. It is also recognised that patients with Addison's disease have reduced bone mineral density (BMD) which correlates with the duration and dosage of glucocorticoid replacement (34, 35) . If DHEA has an antiglucocorticoid effect (4, 5) , longer-term studies will determine whether replacement therapy can augment BMD, as in ageing, and whether there are bene®cial changes in body composition.
Exposure to DHEA augments natural killer cellmediated cytotoxicity in vitro (36) and DHEA supplementation increases natural killer cell numbers (37) . Although DHEA treatment does not in¯uence the immune response to in¯uenza vaccination (38) , future studies of immune function following DHEA replacement might be revealing, particularly those which examine better in vivo immunological correlates of its activity.
Finally, studies of DHEA replacement might point to a pharmacological role for DHEA in certain contexts. Although short-term (2-week) placebo-controlled studies have shown no effect of DHEA treatment on cognitive function in the elderly (39), a recent study has shown that DHEA therapy for 6 weeks has a signi®cant bene®cial effect on major depression (40) .
